This paper presents a novel approach to adaptive output feedback c o n trol. The approach permits adaptation to both parametric uncertainty and unmodeled dynamics. Of particular interest here is its use in high bandwidth ight control, which is made possible through interaction with poorly modeled high frequency dynamics. Adaptation is achieved using only input/output sequences of the uncertain system. The approach is illustrated by the design of pitch-rate ight control system for an R-50 experimental helicopter.
Introduction
Modern ghter aircraft can be operated in highly nonlinear and uncertain ight conditions. In the future, uninhabited aerial vehicles (UAV's) will begin to displace manned aircraft in many traditional roles for both military and civilian missions. A c hallenge to designers of ight c o n trol systems for future vehicles is to permit nearly carefree operation of high performance vehicles, without limiting their full potential for maneuvering. Presently there exists a gap between what is available and what can beachieved in UAV i g h t c o n trol, particularly in vehicles with hovering capabilities. For example, it is well known that a skilled pilot can maneuver a small scale helicopter in open loop at a level of pro ciency that far exceeds the performance of an autonomous ight control system. In ight control research on an R-50 helicopter, it was observed that the pilot learns to anticipate and interact with high frequency dynamics and delay when performing a demanding maneuvering task. The e ective bandwidth of the control loop that is closed through the pilot in ying an otherwise open loop vehicle exceeds by roughly a factor of 3, that which w e are able to attain by p r oviding rate command ight control augmentation.
This bandwidth limitation is largely due to control rotor dynamics (at approximately 8-10 rad/s), ltering and digital processing time delays (between 0.02 to 0.04 seconds) that are present in the control path from the rate sensor to the main rotor swash plate. All physical systems also have c o n trol position and rate limits, which either deteriorate performance or are destabilizing under high bandwidth control.
Both classical and modern control design methods are fundamentally limited by the presence of unmodeled high frequency e ects. The same is true in adaptive methods that do not attempt to learn and interact with these e ects. It is the goal of our present research to develop an approach to ight control design that is inspired by the performance levels that pilots are able to attain through long hours of training. This implies that we explicitly account for and adapt to the presence of unmodeled and potentially nonlinear dynamics in an output feedback setting. Our main assumption is that we know both the degree of the system (at least for the dynamics contained within the bandwidth of our design), and the relative degree of the output variable being controlled.
Feedback linearization 1,2 is a popular method for control of nonlinear systems. However, this approach relies on state feedback and an accurate model for the system dynamics. Linearly parameterized neural networks 3 (NNs) are used in combination with feedback linearization to compensate on-line for the error introduced by using an inverting transformation. Stability analysis pertaining to control of a ne nonlinear systems using nonlinearly parameterized networks rst appeared using a discrete time formulation in Ref. 4 and using a continuous time formulation in Ref. 5 . Applications in robotics are described in Ref. 6 . Extensions to non-a ne systems together with applications in ight control can be found in Ref. 3,7-10. Extensions of the methods described above to observer based output feedback c o n trols are treated in Ref. 11 and 12.However, these results to date are limited to systems with full relative degree (vector relative degree = degree of the system) with the added constraint that the relative degree of each o u t -put is less than or equal to two. 13 In the SISO(single input single output) case, this implies that observer based adaptive control is limited to second order systems. Here we employ a direct output feedback control design method using only input/output sequences, 14 which removes the limitations inherent i n observer based design. We also employ a n o vel approach for treating control limits within an adaptive control setting called 'pseudo-control hedging'. 15 Our perspective i s t o a c c o u n t for unmodeled dynamics present within the bandwidth of the control design, by recognizing the e ect that these dynamics have in terms of both degree and relative degree of the system. This implies that, in the context of controlling the system with unmodeled dynamics, we must treat the design like an output feedback problem. This is true, even if all the states of the modeled portion of the system are available for feedback.
We rst state what is assumed to be known about the system dynamics, followed by a statement of the design objective. A summary of the main results on NN based adaptive control via direct output feedback is given next, followed by a description of control architecture with hedging of the control limits. The paper concludes with an illustration of the main ideas by considering high bandwidth pitch-rate tracking control design for a linearized representation of the R-50 dynamics in hover, in which there is signi cant coupling with control rotor dynamics, actuator dynamics, control limits and e ects due to time delay.
System Description
Consider the dynamics of an observable nonlinear plant represented by the following non-a ne SISO system _ x = f(x u) y = h(x) (1) where x 2 R n u y 2 R, and f h2 C 1 may be partially known or unknown functions. Assume that n and the relative degree(r) are known. With the knowledge of n and r, w e can postulate an equivalent expression for the system in normal form as 2 y (r) = h r ( u) _ = f 0 ( ) (2) where = ( y _ y y (r;1) ) T 2 R r , and 2 R n;r is the state vector associated with the zero dynamics
which are assumed to be stable. 
NN Based Adaptive Output Feedback Control
It is often the case that an approximate expression exists for h r ( ) in Eq. (2) which can be formulated using only the instantaneous available measurements. This approximation can be used as a basis for an inverting control law b y de ninĝ h r (y m u ) = (5) where^ is the so-called pseudo control variable. It is assumed that this function can be inverted to obtain the actual control in the form u =ĥ ;1 r (y m ^ )
In the extreme case when h r is unknown, we may takeĥ r = u as a degenerate approximation. Applying the approximate inverse into Eq. (2), we obtain y (r) = + From the universal approximation property o f m ultilayer NNs, 16 a single{hidden layer NN is selected to approximate b ;1 . The structure of the NN is expressed as W T (V T x) where W V are matrices of ideal weights, ( ) i s a n a c t i v ation function of the hidden nodes. 5 The following Theorem permits extension to the case of output feedback: Theorem 1. For the system Eq.(1), let (x u) 2 D R n R be t h e c ompact domain over which the function (x u) of Eq. (7) is de ned and smooth.
Then given there exist a sampling interval of duration d( ) and a set of weights W,V such that jj (x u) ; W T (V T )jj < where the network input vector
is composed of a window of input/output measurements, r is the relative degree of the system, and n 1 n.
Proof: See Ref. 14 The adaptive term is de ned as 
Lyapunov stability theory is usually applied to the system in Eq. (15) to derive the weight update law. For the output feedback case, the proof requires that the transfer function from ad toỹ be strictly positive real. This condition in general is only satis ed if r 1. For the case r > 1, it becomes necessary to introduce a lter and a rede ned error signal as z 4 = C 1 + C 2ỹ + C 3 z f (17) where z f 2 R r;1 is the state vector used in realizing the lter(T ;1 (s)) having b ad as an input, where
T(s) = s r;1 + a 1 s r;2 + + a r;1 (18) The coe cients in Eq.'s (17) and (18) . This result will be detailed in the nal manuscript. However, it will be evident that this can be done for the simple cases treated in the next section.
Pseudo-Control Hedging
Adaptive c o n trollers are sensitive to input nonlinearities such a s : actuator position limits, actuator rate limits, actuator dynamics and time delay. The concept of hedging the command lter to prevent a n adaptation law from seeing these system characteristics is introduced in Ref. 15 . This is described below in the context of this application. A pseudo-control hedge ( h ) is obtained by rst estimating the actuator position (û) using a model for the actuator characteristics. This estimate is then used to compute the di erence between commanded pseudo-control and the achieved pseudo-control where y com is the un ltered command signal. This changes the output of the command lter and prevents the NN from seeing the actuator characteristic as model tracking error. The implementation is illustrated in Fig.'s 1 and 3 , and the manner in which it is incorporated with the command lter is shown in Fig.4 for the case r = 2.
Design Application to Pitch Attitude Control of R-50 model
The control and main rotor for the R-50 helicopter is illustrated in Fig.5 . The control input to the main rotor is a ected by the control rotor tilt angle, which adds additional dynamics within the desired bandwidth of the control system design. The pitch channel equation of motion of the R-50 helicopter can be expressed as a SISO nonlinear system:
The state vector x = ( u q w) T where u is forward velocity, q is pitch rate, is pitch angle, is control rotor longitudinal tilt angle, w is vertical velocity and the control variable is the longitudinal cyclic input.
The following linearized model is used to illustrate the adaptive output feedback approach 17 Since r = 3 in this case, the SPR condition is met by introducing a lter T(s) = 1=(s + + a 1 ) a 1 > 0 (See Eq. (18) where ! n = 10 rad/sec and n = 0 :8. This is used to generate c . Pseudo control hedging was implemented as described in the previous section. Fig.'s 6 and 7 compare the tracking performance without and with the NN respectively. The tracking performance without the NN results in a limit cycle, and its control is always rate limited. When the NN is incorporated, the tracking performance is improved relatively to the results in the Fig.6 . However, adaptation is slow and performance is poor due to the fact that the relative degree is not correctly represented in the design. Note from the lower left portion of where ! n = 10 rad/sec and n = 0 :8. This is used to generate c and ... c . Pseudo control hedging was also implemented as described in the previous section. Fig.'s 8 and 9 display the tracking performance without and with the NN. In Fig.9 , it can be seen that the Relative Degree = 3 Design removes the oscillation which was present in the Relative Degree = 2 Design, and that the adaptive signal, ad closely follows b ;1 . This exhibits the fact that the adaptive controller achieves improved performance by i n teracting with the actuator dynamics. This interaction is a result of a highly nonlinear process, and is di cult to achieve using a linear controller.
It is evident from Fig.'s 6 9 that the control rate limit is active during most of the response.
Thus pseudo-control hedging plays a pivotal role in achieving the superior performance observed in Fig.9 . However, we note that control hedging was active in all the response displayed in these gures, and therefore it appears that having the correct relative degree represented in the adaptive control design is equally important. It is not clear if it is necessary to hedge for all the e ects (control limits, time delays and actuator dynamics). For example, Fig.10 illustrates the response for the case in which only the control limits are hedged. It is evident from this gure that performance is degraded. On the other hand, if only time delay is ignored in the hedge, then the response is essentially identical to that of Fig.9 . This suggests the NN is capable of adapting to the e ect of time delay without the need for hedging. The results for all combinations of relative degree and hedging that were investigated are summarized in Table 1 .
Conclusion
Output feedback a d a p t i v e c o n trol is a promising approach for achieving high bandwidth design for uncertain systems. The approach relies on accurately accounting for the degree and relative d egree for the system within the bandwidth of the design, but does not require an accurate model for the plant dynamics. Achievable performance is ultimately limited by actuator performance, but the e ects of actuator limits and delays can be considerably reduced by e m p l o ying a novel method known as pseudo-control hedging. 
